Background Lung cancer mortality has been found to be in excess in several groups with silicosis, but allowance for smoking was not always possible. We investigated the lung cancer mortality in men with silicosis in New South Wales, Australia, who were compensated, making allowance for smoking habits.
Introduction
Goldsmith et al. [1] raised the question of whether occupational exposure to silica causes lung cancer and, in so doing, encouraged much research. This research has included a number of mortality studies of groups diagnosed with silicosis. Amandus et al. [2] reviewed the evidence on the lung cancer risk in groups diagnosed for silicosis in 17 published studies and found a significantly increased relative risk for death due to lung cancer, ranging from 1.4 to 6.5 (median 2.4), in all except one of these studies. Smoking was allowed for in only four of the studies and the relative risks in these (1.1, 1.9, 2.0 and 2.1) were all lower than the overall median. McDonald [3] , Berry [4] and Weill and McDonald [5] reviewed the evidence of a relationship between excess lung cancer and a previous diagnosis with silicosis. Berry [4] noted three further studies in which smoking was allowed for and the relative risks of lung cancer after allowing for smoking were 1.5 for Californian workers' compensation cases [6] , 2.4 for North Carolina dusty trades workers [7] and 3.0 for a group in Genoa, Italy [8] . More recently, Wang et al. [9] followed 4372 men diagnosed with silicosis in China before 1980. There were 104 deaths due to lung cancer compared with 44.0 expected [standardized mortality ratio (SMR) = 2.4 and 95% confidence interval (CI) = 1.9-2.9]. Chan et al. [10] followed a group of 1490 men with silicosis who were compensated between 1981 and 1996 in Hong Kong. There were 33 deaths with lung cancer compared with an expected number of 17.0 (SMR = 1.9 and 95% CI = 1.3-2.9). The majority (91%) of the silicotic group were current or ex-smokers compared with 49% of the general male population of the same age. Taking account of this difference in smoking, an increased SMR of 1.75 would be expected due to the increased smoking rate in the silicotic group, so that smoking accounted for most of the excess lung cancer deaths.
The study reported in this paper was originally set up in 1995 and preliminary results were published in 1997 [11] with follow-up to the end of 1994. In this paper the follow-up is extended to the end of January 2000 with the objectives of estimating the excess mortality due to lung cancer in those with silicosis who were compensated in New South Wales, comparing the smoking habits of those compensated for silicosis in New South Wales with the general population and adjusting the excess lung cancer mortality for smoking.
Methods
The Dust Diseases Board is a statutory authority that was established by the New South Wales Workers' Compensation (Dust Diseases) Act 1942 with exclusive jurisdiction for determining claims for compensation (in a no-fault manner) from New South Wales workers (except coal miners) whose disability is attributable to specified dust diseases, including silicosis. Respiratory physicians examine applicants and the examination includes pulmonary function testing, a posteroanterior chest radiograph and a questionnaire on work history, symptoms and, since 1970, smoking habits. The Dust Diseases Board's medical panel, which consists of three experienced respiratory physicians, makes determinations of pneumoconiosis. If disease or early symptoms are detected, the medical examination is repeated at 2-year intervals with updating of smoking habits, so that most cases have repeated medicals.
For this study, records were available for all those who made a successful claim for compensation for silicosis or silicotuberculosis and who had survived to 1 January 1968 if diagnosed earlier or were diagnosed during 1968-1994.
The group of compensated men with silicosis was followed up from the date when first compensated or from 1 January 1968 if first compensated earlier up to their date of death or to 31 January 2000 for those still alive. Deaths were coded using the ninth revision of the International Classification of Disease (ICD-9). A mortality analysis was carried out using the person-years method for comparing the observed mortality experience with that expected from the New South Wales age-specific and period-specific death rates. As recording of cause of death may be less accurate in those who die in old age the mortality analysis was censored at age 85 years. The comparison of observed with expected mortality is shown as the SMR (observed:expected).
Data giving the total male population of New South Wales, the number of deaths in total and the number of deaths due to cancer at a range of sites for each year from 1968 to 1998 and subdivided by age were obtained from the Australian Bureau of Statistics. This information was used for calculating death rates for the age group 0-14 years, for the 5-year age groups from 15-19 to 80-84 years and for the age group 85 years and older for the period 1968-1970 and the 5-year periods from 1971-1975 to 1996-2000. It was rare for smoking to be recorded at the Dust Diseases Board before 1970, but after 1970 smoking information was available on almost every man with silicosis who was compensated. Therefore, the comparison of the smoking habits of men with silicosis who were compensated with national figures was restricted to the 950 compensated cases whose most recent medical was in 1970 or later and who had smoking habits recorded. Information on smoking habits was taken from the most recent medical examination when the data were first extracted in 1994/1995. The information included the men's current habit and its duration and previous habit and its duration. From this information smoking habits were imputed for each of the years with national data available between the year that a man was compensated up to the year of the most recent medical.
Smoking information for Australian adults is available from national surveys for the years 1974 and 1976 and every 3 years from 1980 to 1995 [12] [13] [14] [15] [16] [17] [18] [19] [20] . For each of these surveys the proportions who are current smokers, ex-smokers or who have never smoked are given for men and women separately in the age group 16-19 years, for each of the 5-year age groups from 20-24 to 55-59 years and for the age groups of 60-69 years and 70 years and older.
For the most recent medical, the years 1970-1974 were compared with national figures for 1974, 1975-1978 with 1976, 1979-1981 with 1980, 1982-1984 with 1983, 1985-1987 with 1986, 1988-1990 with 1989, 1991-1993 with 1992 and 1994-1995 with 1995 . When comparing the observed smoking habit distribution with national figures, the expected distribution of smoking habits was calculated by applying the age distribution of the compensated men to the smoking habits from the national survey. This is equivalent to the indirect method of standardization.
The industry and occupation classifications of each case are recorded in the database using the industry classification in the schedules under which the Dust Diseases Board operates. Working from the occupational histories recorded by the Dust Diseases Board a more comprehensive classification of occupations and industries, based on a modified version of the Dust Diseases Board coding system, was completed. Out of 1447 cases in the main mortality analysis, there were 50 for whom the files were unavailable. Two occupational hygienists (A.R. and P.Y.) independently coded the industries and occupations for the remaining 1397 cases. For industry, there was exact agreement for 994 of the 1397 cases (71%) and for the occupation for 940 (67%).
The disagreements between the two assessors showed patterns where it appeared that the two assessors were interpreting the coding scheme slightly differently because of overlap of some of the industry and occupational codes (some of the categories were too finely divided). The two coders met to discuss ways of dealing with this in generic terms. Some categories of both industry and occupation were combined in cases where the distinction between them was slight and for some patterns of differences it was decided to select a particular one. After making these changes, there was consensus for industry for 1094 of the 1397 cases (78%), for occupation for 1189 (85%) and for both for 1007 (72%).
A unique final coding for all 1447 cases was produced using the agreed codes for the majority of cases where there was consensus. Otherwise the codings of the more experienced hygienist were used. The coding in the Dust Diseases Board database was accepted for the 50 cases where the file was unavailable.
In the course of the coding, 17 cases were identified where there was some occupational exposure to asbestos as well as to silica. For two of these cases it appeared from the files that the diagnosis was more likely to be asbestosis than silicosis. There was one case where the person did not appear to have been exposed to silica, but was a case described as 'flour silicosis', a pneumoconiosis from the milling of grain. These cases were retained in the group.
Results

Mortality
There were 1467 men compensated for silicosis and, of these, 1249 had died. The incidence of silicosis has declined over the last 30 years and 63% of the group were compensated before the end of the 1960s and only 9% after 1979. The median age at death of the 1249 deaths was 73 years, with 9% dying younger than 60 years and 26% at age 80 years or older. For the 218 men still alive, the median age was 72 years, and 22% were aged 80 years or older. The causes of death for the 1249 deaths are given in Table 1 .
The person-years mortality analysis excluded three men who were aged over 85 years when first compensated, six men who were aged over 85 years in 1968, two men for whom the year of first compensation was unknown and nine men first compensated at death, leaving 1447 cases (1231 deaths). In most of the analyses, mortality within a year of first compensation has been excluded in case some men were compensated based on findings associated with early mortality (there is some suggestive evidence that this occurred) (see Table 3 ). This excluded 37 deaths, and five of these were due to lung cancer.
The main results are in Table 2 . There were highly significant excesses due to all causes, all neoplasms and lung cancer. Up to age 85 years, there was an excess of 380 deaths due to causes other than cancer and 57 excess deaths due to cancer at all sites: this latter excess was almost entirely due to lung cancer (excess 50 deaths) so that attention may be restricted to deaths due to all causes and deaths due to lung cancer. The primary focus of this paper is lung cancer, and deaths from all causes are not subdivided into other specific causes.
Mortality due to all causes and to lung cancer is shown by years since first compensation in Table 3 . Apart from the higher SMRs in the first year, the excess mortality both from all causes and from lung cancer shows no marked trends with times since compensation. Mortality is analysed in Table 4 with respect to the percentage disability awarded on first compensation. For mortality from all causes, there is a trend of SMR with percentage disability that is highly significant (P < 0.001). For lung cancer, any trend is less clear and not significant (P = 0.4). Disability awards may be increased over time so that the groupings in Table 4 would not apply to the later years of follow-up. Restricting the analysis to the first 10 years after initial compensation (omitting the first year), the trend for mortality from all causes is even more marked and highly significant (P < 0.001) but again there is no clear trend for lung cancer (P = 0.5).
Smoking
The observed smoking habits at the most recent medical are compared with the expected habits based on national smoking rates after adjustment for age in Table 5 . The imputed smoking habits for each year of a national smoking survey are compared with the expected habits based on national smoking rates after adjustment for age in Table 6 . It is clear in both Tables 5 and 6 that the percentage of silicotics who had never smoked (17%) is 10% less than would be expected from national rates. For smoking habits established at the most recent medical, there were on average~4% more current smokers and~6% more ex-smokers than expected from national rates. For the imputed smoking habits, there were on average~6% more current smokers and~4% more ex-smokers than expected.
The larger proportion of current and ex-smokers and the smaller proportion who had never smoked compared with national figures implies that the risk of lung cancer in the compensated group will be higher than national or state rates due to smoking, since it is well established that smoking causes a large increase in the risk of lung cancer. From the study of British physicians reported by Doll et al. [21, 22] , the risk, relative to those who had never smoked regularly, is 7.5 times in those who smoked less than 15 cigarettes a day, 15 times in those who smoked 15-24 cigarettes a day and 25 times for those smoking 25 or more cigarettes a day and an average figure for all smokers is 15 times. Amongst ex-smokers, the average relative risk is 4 and related to the number of years since smoking ceased, with no reduction within the first 5 years.
Allowance for smoking
The increase in lung cancer risk in the compensated group due to their excess smoking compared with the national population may be calculated using the observed and expected smoking percentages and factors representing the excess risk for the different smoking habits. For example, for the total percentages in Table 5 and with factors of 15 and 4 for current and ex-smokers the adjustment factor is The corresponding calculation for the total percentages in Table 6 gives 1.14. Although these adjustment factors are dependent on the excess rates in current and ex-smokers their values are not critical with respect to the precise excess rates. Over a range of excess rates for current smokers of 10-25 and for ex-smokers between 2 and 10, the adjustment factor calculated from the smoking habits at the most recent medical varies only between 1.11 and 1.13 and from the imputed smoking habits between 1.12 and 1.15. An average value of 1.13 has been used. Referring to Table 2 , there were 94 deaths due to lung cancer and using the adjustment factor the expected number of lung cancer deaths, taking account of smoking, becomes 43.7 × 1.13 = 49.4. The relative risk is then 1.90 (95% CI = 1.54-2.33). The excess lung cancer risk in the compensated group is reduced when allowance is made for smoking, but remains highly significant. It is impossible to address the question of interaction between smoking and silicosis in this study. Table 7 shows the observed and expected mortality for the industries and occupations, with adjustment for smoking, for lung cancer. The excess mortality from all causes and from lung cancer shows for all industries. Although on initial inspection there appear to be differences in the death rates between the different industries, on analysis there are no statistically significant differences between industries in the ratio of observed to expected deaths either for deaths from all causes (χ 2 = 10.58, df = 7 and P = 0.16) or for lung cancer (χ 2 = 8.96, df = 7 and P = 0.26).
There was excess all-cause mortality for all occupations, and for lung cancer for all occupations except that for brick makers the excess was negligible. However, this finding could well be due to chance since, overall, there are no statistically significant differences between occupations in the ratio of observed to expected deaths either for deaths from all causes (χ 2 = 7.63, df = 8 and P = 0.47) or for lung cancer (χ 2 = 9.39, df = 8 and Total number of imputed smoking habits for the 950 men.
G. BERRY ET AL.: SILICOSIS AND LUNG CANCER 391 P = 0.31). The comparisons between industries and occupations do not allow differentiation between exposure to quartz and cristobalite. Most of the occupations involved exposure to quartz, but in those occupations where there was likely exposure to cristobalite as well as to quartz the lung cancer rates (foundry moulders 1.56, furnace bricklayers 2.14 and metal grinders 2.72) appear similar to the others.
Discussion
Our results are consistent with other studies of compensated silicotics that have generally shown that, after allowing for smoking, the lung cancer risk is approximately doubled. There was also an increased death rate from non-cancer causes, but this increase does not bias the comparison of observed and expected lung cancer deaths using the person-years method. In a group exposed to silica, some will develop silicosis as a consequence. If this group with silicosis has an increased risk of lung cancer, then it may be concluded that this is a consequence of the silica exposure. However, this conclusion may only be made if we are considering the total group with silicosis and there is no exposure to other occupational lung carcinogens. The difficulties of determining whether an excess lung cancer rate in groups compensated with silicosis may be attributed to the exposure to silica were noted in early reviews [3] [4] [5] and recently emphasized by Wong [23] . First, those who are compensated for silicosis are unlikely to be representative of the total number with silicosis. Secondly, many may have been exposed to other occupational lung carcinogens.
Groups compensated for silicosis have been selected from all those with silicosis and it is possible that the selective process leading to compensation selects out those more likely to develop lung cancer. In studies in which smoking was not allowed for, this could well have been the case since symptoms due to smoking could contribute to the diagnostic process. For example, De Klerk and Musk [24] showed that, for Western Australian gold miners, smokers have an increased risk of being compensated for silicosis. In studies with allowance for smoking, this bias is less likely, although allowance for smoking is rarely complete because of the different ways in which smoking habits are recorded. In our study, there was allowance for the categories current, ex-and never smokers, but no allowance was possible for the number of cigarettes smoked amongst the smokers or for the number of years since a man gave up smoking, both of which have marked influences on the relative lung cancer rates [22, 25] , so there may be some residual confounding.
The selective mechanism may result in a group with more respiratory disability than the total group and some of this disablement may be chronic obstructive pulmonary disease (COPD) related to smoking. At first sight this might not seem to matter since smoking has been allowed for in the analysis. However, COPD has not been allowed for and there is some evidence that COPD increases lung cancer risk independently of smoking. Mayne et al. [26] showed an excess risk of lung cancer in a group of non-smokers of 1.8 in those with emphysema, chronic bronchitis or asthma. Thus, our estimate of the lung cancer relative risk, 1.90, may be due in part to incomplete allowance for smoking and COPD, as well as possibly to silica exposure. The difficulties of interpretation due to selection are less when silicosis is defined independently of a compensation scheme and, in a follow-up of a group with silicosis defined solely on radiological criteria, Carta et al. [27] showed that there was no excess lung cancer risk associated with either category of silicosis or with silica exposure after allowing for smoking and airflow obstruction (OR = 3.9 for the forced expired volume in 1 s divided by the vital capacity <85% predicted).
In 1997, the International Agency for Research on Cancer [28] classified crystalline silica as carcinogenic to humans. In a systematic review, Hessel et al. [29] argued that the evidence for this conclusion is weak, noting that high-quality studies of silicotics not identified through compensation does not support a causal association. Since the International Agency for Research on Cancer [28] classification there have been a number of studies published in which the lung cancer risk in groups exposed to silica has been determined. De Klerk and Musk [24] found a significantly increased lung cancer risk in Western Australia gold miners (SMR between 1.3 and 1.5). In a nested case-control study, they showed that, after adjusting for smoking and bronchitis, the risk was associated with cumulative exposure, but that this risk decreased once compensated silicosis was taken into account. The relative risk due to silicosis was 1.6 (95% CI = 1.1-2.3). They concluded that there was no evidence of an increased lung cancer risk due to silica exposure in the absence of silicosis. In contrast, Checkoway et al. [30] found a significant exposureresponse relationship in diatomaceous earth industry workers between lung cancer mortality and cumulative exposure in those without radiological silicosis.
Hughes et al. [31] reported on a cohort study of industrial sand workers. They found an SMR for lung cancer of 1.4 and investigated this further in a nested case-control study. They also found that the lung cancer risk, adjusted for smoking, increased significantly with cumulative exposure. They concluded that their findings supported a causal relationship between lung cancer and quartz exposure. Steenland and Sanderson [32] obtained fairly similar results in a study of industrial sand workers (there may be some overlap of the groups studied in the work conducted by Hughes et al. [31] and Steenland and Sanderson [32] ). Tsuda et al. [33] reported on a case-control study of lung cancer deaths in men in the southeast Okayama Prefecture of Japan. After adjusting for age and smoking, the ORs for silica exposure were 2.1 (95% CI = 1.3-3.3) and 2.8 (95% CI = 1.6-4.8) for silicosis.
Although the evidence of a relationship between lung cancer and exposure to silica appears to have strengthened since the International Agency for Research on Cancer [28] classification, the debate on the interrelations between lung cancer, silica exposure and silicosis is not over, as noted by Wong [23] .
